ABSTRACT: The effect of age on implant fixation in bone is not always considered during the design of preclinical models. The decision on animal's age is often related to practical or historical reasons, which ultimately may affect the reproducibility of results. This study aimed to quantify the effect of age by monitoring the fixation of contrast-enhanced PEEK screws in rats, hypothesizing that the kinetics of fixation is impaired in older animals but that age effects are less severe than osteoporotic effects. The time course of implant fixation was investigated in healthy rats at 24, 40, and 60 weeks of age; and in ovariectomized rats. Implant fixation was monitored using in-vivo microCT and dynamic histomorphometry during 1 month. The rats were euthanized 28 days post screw insertion. The data was analyzed both in absolute value and after normalization to baseline bone mass. In absolute terms, greater age had a detrimental effect on bone implant contact, bone fraction, implant stiffness, and bone remodeling but less than ovariectomy. Interestingly, once data was normalized to baseline bone mass this effect disappeared, suggesting that the physiologic response to implant placement was not affected by age. In conclusion, implant fixation kinetics is less affected by age than by baseline bone mass in this rat model. Animals of different ages can therefore be compared but data must be construed relatively to baseline bone mass and not in absolute terms. ß
Preclinical investigations are essential to evaluate the efficacy and safety of novel solutions to improve fixation of both, orthopedic and dental implants. 1, 2 Alas Freedman et al. have reported that up to 50% of preclinical research performed in the United State is irreproducible. 3 Numerous factors were identified as main causes leading to this reproducibility crisis: Wrong choice of biological reagents or laboratory protocols, flawed study design or data analysis, and incomplete reporting. In preclinical studies, Jackson et al. found that the choice and the reporting of animals age is still often lacking 4 despite its established influence on bone metabolism and healing. 5 In clinical practice, age is largely recognized as a complication factor for implant placement, [6] [7] [8] and age and menopause count as risk factors for bone diseases in humans. 9 While the impact of osteoporosis on osseointegration and implant fixation in human bone and rodent research models has been well documented, 10 ,11 the effect of age remains controversial in animals. Nilsson and Edwards initially reported a lack of correlation between bone healing time and age clinically, 12 but it was later shown that age increases bridging times 13 and lower bridging scores, probably because of impaired bone response to loading and higher osteoclast numbers. 14 The root cause of this effect is still unclear, but may be related to cellular senescence and Wnt/ß-catenin signaling in hematopoietic cells. 15 In preclinical models, age is regularly overlooked and not reported with enough details. For practical reasons such as cost, time and supply or for comparability with previous reports, sexually mature rodents (8-12 weeks for mice, 5-10 weeks for rats) 16, 17 are used most of the time when age is not the primary focus. 4 But skeletal maturity is reached later than sexual maturity. 18 This lack of study-adapted choice of animals' age might negatively impact research outcomes, since such young animals are still experiencing physiological changes. 19 Here, the aim of the study was to characterize the effects of age on the dynamics of implant fixation in a longitudinal rat model; and to compare it with the effect of osteoporosis. We hypothesized that the kinetics of screw fixation is impaired in older animals but that age effects are less severe than osteoporotic effects. Implant integration and osseointegration are in essence transient, time-dependent processes with primary and secondary phases. 20, 21 Typically, investigations on the effect of age or drugs on implant fixation focus on 1 or 2 ending time points, [22] [23] [24] with the risk of missing the phase transitions. To avoid this risk, we implanted PEEK mini-screws in rats of varying age and in ovariectomized rats and followed their evolution with longitudinal in vivo micro computed tomography (microCT).
MATERIALS AND METHODS

Study Design
Thirty skeletally mature female Wistar rats were randomly assigned into four groups (Table 1) . Animals included in this analysis were used as control groups for other studies resulting in different group sizes. At age 24, 40 AE 6, 60 AE 5 weeks (groups 1-3 respectively), they received a contrast enhanced PEEK screw in the medio-proximal tibia and were longitudinally scanned with in vivo microCT over a time period of 4 weeks, at 0, 3, 6, 9, 14, 20, and 28 days post operatively. These groups were compared to ovariectomized rats, which received the screw at 33 weeks (group 4).
As primary outcomes, the scan data were used to evaluate changes in bone fraction (BV/TV) and bone implant contact (BIC) in defined regions of interest around the screw, as previously described. 25 Secondary outcome measures included weight, apparent bone mineral density (BMD), tissue mineral density (TMD), bone formation (BF), bone resorption (BR), and stiffness. Axial stiffness of the bone implant construct was simulated by conducting micro finite element analysis. All investigators were blinded for the data analysis.
Implants
Custom-made medical grade polyetheretherketone (PEEK) screws containing 20% Barium sulfate (BaSO 4 ), manufactured by RISystem (Davos, Switzerland) with an inner/outer diameter of 1.2/1.4 mm and a threaded length of 2.7 mm, were used in this project. This concentration of BaSO 4 gives a higher contrast than mature bone, but does not create metal artefacts in microCT images, like metallic screws would and are therefore ideal for longitudinal microCT studies. The implants were steam sterilized before surgery.
Animals
Thirty female, specific pathogens free (according to FELASA guidelines) Wistar rats were obtained from Charles River, Germany. The in-vivo study was approved by the ethical committee of the canton of Grisons, Switzerland, and performed in an AAALAC (Association for Assessment and Accreditation of Laboratory Animal Care International) accredited facility. The rats were housed in groups of N ¼ 3 in individually ventilated cages (type 2000, Allentown, Inc. Allentown, NJ) under a positive pressure system. Wood chips served as bedding; cages were enriched with a cardboard house, paper tissues, and a piece of wood. Environmental conditions were set for >40% humidity, a temperature of 22 AE 2˚C and a 12 h light/ dark cycle. Sterilized cages were changed weekly; food (Alleinfuttermittel f€ ur M€ ause und Ratten, Provimi Kliba, Switzerland) and autoclaved tap water were provided ad libitum.
The 30 animals were divided in four groups (Table 1 ). Group one received the screw at age 24 weeks, group two at 40 AE 6, and group three at 60 AE 5 weeks. Group four was ovariectomized (OVX) at 13 weeks, followed by screw insertion at 33 weeks. The 9 months endpoint for treatment evaluation in ovariectomized rats was chosen based on to the suggestions by Jee et al. 26 Anesthesia, Analgesia The rats were placed in a Plexiglas chamber for anesthesia induction at 1000 ml/min oxygen and 3% isoflurane. Using a rodent facemask, eye ointment (Vitamin A Augensalbe
1
) and heating pads, anesthesia was maintained at 400-500 ml/min oxygen and approx. 1.5 % isoflurane. After each anesthesia the animals were weighed.
Preemptively, the rats were injected with 0.01 mg/kg buprenorphine (Bupaq 1 ad us. vet.) and 4 mg/kg carprofen (Rimadyl 1 ), both subcutaneously (sc). Within the first 24 hrs post op, the rats received two more injections of 0.01 mg/kg buprenorphine sc (7 AE 1 and 14 AE 1 h post op). For the first 5 days postop, paracetamol was added to the drinking water 
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(7 ml DAFALGAN Sirup 1 /100 ml). Postoperatively, 10 ml/kg warm ringer solution was given intraperitoneally.
Surgery: Ovariectomy
Animals of the OVX group were ovariectomized at 13 weeks of age. After aseptic preparation and subsequent positioning in dorsal recumbency on a heating pat, the linea alba was incised, centred between the end of the sternum and the pubic symphysis. Lifting one uterine horn with a nerve hook, small vessel clamps secured the tip of the horn and the ovary. The ovary was then removed by electrocauterisation. After repetition of the procedure on the contralateral side, the incision was closed with a continuing adaptive suture pattern in two layers using resorbable suture material (Monocryl 4/0 and Vicryl rapide 5/0, Ethicon 1 ).
Surgery: Screw Implantation
The rat was placed in dorsal recumbency on a heating pad and the tibia was aseptically prepared. A skin incision was made on the medio-proximal aspect of the right tibia and extended through the fascia down to the medial surface of the tibia. After identification of the proximal, tibial growth plate a unicortical hole was drilled by hand (1.2 mm drill bit; Fig. 1A ) approximately 2 mm distal of the growth plate and in the centre of the medial aspect of the bone. A custommade stop guide was used to avoid drilling into the far cortex. After tapping the thread, a 1.4/1.2 mm (outer/inner diameter) partially threaded screw was placed into the hole whereas the unthreaded part of the screw did not enter the cortex (Fig. 1B-D) . After full insertion, the screw extension was clipped off by use of a custom-made screw clipper. The fascia and the skin were closed in two layers using absorbable suture material (Monocryl 4/0 and Vicryl rapide 5/0, Ethicon 1 , respectively).
Animal Welfare
Animals were checked daily. Objective welfare evaluation using a score sheet (weight, food intake, signs of pain, general appearance etc.) was performed daily for the first 7 days after surgery, then at time point of every microCT scan. Weight measurements were carried out at surgery time and before microCT scan.
Euthanasia
At day 28, all animals were anesthetized (induction: 3 % isoflurane in 1000 ml/min oxygen; maintenance: 1,5-2 % isoflurane, 400 ml/min oxygen prior to euthanasia by intracardiac injections of pentobarbital (180 mg/rat; Esconarkon 
In-Vivo MicroCT
The animals were microCT scanned immediately postoperatively and afterwards at day 3, 6, 9, 14, 21, and 28 after surgery (VivaCT40, Scanco Medical AG, Bruettisellen). Anesthesia was induced and maintained as above, while the mask was integrated in a standard rat holder. The operated tibia was pulled to full extension of the stifle joint and the ankle was fixated in a position of approx. 90˚flexion. The scanned region of 10 mm in length and ø25.6 mm field of view was centered on the implanted screw. The scanner was operated at 70 kV tension, 114 mA current, 220 ms integration time, and 500 projections/180˚. Scanning time was 21 min, and total anesthesia duration was 25-30 min per scan. Each scan resulted in a radiation dose of 200 mGy, which has no effect on metabolism. 27 Each scan consisted of 420 slices reconstructed across an image matrix size of 1024 Â 1024 voxels, with an isotropic voxel size of 25 mm.
Image Processing
First, the post-op scans (d0) were aligned so that the screws' main axis was along the Z-axis of the image and the bone's main axis along the X-axis. The following scans were aligned to the postoperative scan via rigid registration (!0.8 correlation coefficient, 1 Ã 10 À5 convergence criterion, max. 2000 iterations). The images were segmented with a bone threshold of 580 mgHA/cm 3 and a PEEK threshold of 1500 mgHA/cm 3 . Two regions of interest (ROI) were automatically generated by successive dilations: Bone at implant surface (ROI (1) and peri-implant bone (ROI (2). ROI 1 ( Fig. 2A ) was defined as a 75 mm layer (3 voxels) around the threaded screw surface. Bone-implant contact (BIC) was computed by voxel-counting of the segmented image within ROI 1. Given the quasiplanar nature of ROI 1, BIC can be expressed as volume fraction (%) within ROI 1, which correlates well against histology. 28 ROI 2 (Fig. 2B) was defined as the volume 75-700 mm from the threaded screw surface. Bone fraction (BV/TV), apparent bone mineral density (BMD) and tissue mineral density (TMD) were computed within ROI 2, using standard morphometric methods. 29 Bone formation (BF) and bone resorption (BR) were computed within ROI 2 by dynamic histomorhometry, 30, 31 the mapping of differences between two subsequent registered scans (Fig. 3) . The image processing algorithms were developed with EasyIPL (easyipl.com), a high-level library of macros using the scanner softwares (SCANCO Image Processing Language, IPL and OpenVMS Digital Command Language, DCL).
Finite Element Analysis: Screw Pull-out Simulation Screw pullout stiffness was estimated with micro-finite element analysis (microFE) at all time points. The voxel conversion approach with linear elastic analysis was used after preparation of the segmented data. 32 The settings were as following: Isotropic Young's modulus with 69 GPa for screw and 6,8 GPa for bone and Poisson's ratio with 0.3 for both. Static stiffness of the screw was simulated with a 1 % axial displacement of elements on top of the screw head, while elements of the bone surface distant more than 2 mm from the screw were fully constrained as previously described 28 (Fig. 2c) . The models were solved using Faim software 6.0 (Numerics88Solutions Ltd, Calgary, Canada) on a desktop workstation (MacPro, Apple Inc., Cupertino, CA) for force and displacement fields. Stiffness was computed as force/displacement of the top screw head elements (N/mm). 33 
Statistical Analysis
Data is expressed as Mean AE SD. To account for differences at baseline, time series showing absolute values and time series showing values normalized to day 0 were produced for each outcome parameter. Outcomes marked with a Ã are normalized (for example "BIC" is absolute and "BIC Ã " is normalized). In the timeseries, data is shown as Mean AE SE for sake of readability of the plots. MANOVA was used to determine the significance of the effect of age and OVX on the measured outcomes. Then, the time series were fitted with a linear additive mixed model and the 95 % confidence intervals of the fitted curves computed to determine the time ranges where the groups were statistically different. Differences between means at the 5 % and 1 % confidence level (p < 0.05, and p < 0.01) were considered statistically significant and highly significant respectively. All analyses were performed in the R programming language (version 3.3.3). 34 
RESULTS
Animal Welfare
All animals listed in Table 1 were included for analysis for all outcome measures.
In terms of visual aspect and behavior, all animals recovered fast from anesthesia and surgery, as well as from the regular anesthesia during microCT. In one animal of the 24w group, the wound opened 1 day after surgery and was re-sutured immediately, healed normally and was therefore included in the study. Figure 3 . Scheme of the method to compute bone formation and bone resorption from two consecutive scans. A scan a timepoint t n is aligned to the previous scan at t n-1 using rigid registration. The t n-1 and t n scans are segmented and overlapped to generate a difference map. Bone formation, resorption and quiescence are labeled from this map.
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A positive correlation between weight and age (r ¼ 0.78, p < 0.01) was observed. At day 0, 33w OVX animals were heavier than 24w animals (p < 0.01). The animals lost 5.1 AE 4.3% weight in the 3 days following screw implantation (all below the 20% exclusion limit). Age had a significant impact on postoperative weight loss (weight at day 3 compared to day 0), with younger animals losing relatively more weight than older ones (p < 0.001). Overall, the animals regained their initial weights at screw implantation during the 28 days observation period, without influence of age (Fig. 4) .
Qualitative Evaluation of Screw Osseointegration
At baseline (day 0), bone density in the proximal tibia metaphysis was visually negatively correlated with age. The younger animal showed a progressive encapsulation of the screw by newly formed bone until day 14. This newly formed bone seems to undergo remodeling already between day 20 and 28. The encapsulation process seemed less marked in the 40-60 weeks groups. In comparison, the OVX animals showed no encapsulation (Fig. 5 ).
Quantitative Analysis with Longitudinal MicroCT
All groups showed similar patterns in bone-implant contact (BIC) and bone fraction (BV/TV) evolution, with a continuous increase from day 0-9-14, followed by a decrease from day 14-28. In absolute terms, BIC correlated negatively with age (p < 0.01). The 40 w and 60 w groups were significantly different from the 24 w group from day 0-28. The 40 w group was significantly different from 60 w only from day 4-10. The 24 w group reached its peak BV/TV value on day 9 and BV/TV on day 14, while the other groups reached peak values for both BIC and BV/TV on day 14. The effect of OVX alone on BIC was significant, too (p < 0.001) (Fig. 6) .
Interestingly, the normalized data showed different patterns as BIC Ã correlated positively with age. All groups showed equivalent increases from day 0 until day 9. Between day 9 and 14, the 24 w group plateaued, while the 40 w and 60 w continued to increase resulting in a significantly higher BIC Ã from day 14-28 compared to 24 w (p < 0.05). BV/TV Ã and Stiffness Ã showed the same patterns. Stiffness was evaluated with micro finite elements. Both age and OVX had significant effects on stiffness. In 24 w animals, it increased slightly from 7 AE 1 to 8 AE 1 N/mm at day 9 and returned to baseline by day 20, suggesting that the primary fixation was stable enough. The 40 w and 60 w animals had initially 43% lower stiffness compared to 24 w (p < 0.01) but by day 14 they had gained 50% stiffness at 6 AE 0.6 N/mm, not significantly different from the 24 w group. OVX initial stiffness was only at 42% of the 24 w and increase only until 50% of the 24 w animals.
The general pattern of bone formation (BF) was similar for all groups (Fig. 7) : A rapid increase following surgery up until day 6-9, followed by a decrease back to baseline levels. BF peaked day 6 in rats of group 24 w, earlier than in 40 w, 60 w and OVX which all peaked at day 9. The peak of OVX rats was also significantly lower than the others (p < 0.05). In the non-OVX groups, the absolute peak bone formation level correlated negatively with age (p < 0.05). Interestingly, BF Ã (normalized to baseline bone volume), showed no more differences between groups.
Bone resorption was highest at day 3 immediately post-surgery then decreased. A second moderate increase happened at day 20 in all groups. The OVX group had significantly lower BR on day 3, but higher on day 20 (p < 0.05). The peak levels of bone formation and resorption significantly decreased with age and ovariectomy (p < 0.01 ÃÃ ). Net bone formation (BF-BR) peaked at day 9 in all groups, the peak level of the ovariectomized group was significantly lower. Besides of this, all groups behaved similar in the next CT scans and Net Bone Formation showed no significant differences between groups (Fig. 7) .
Bone Mineral Density (BMD) data showed similar evolutions throughout the study for all groups with generally lower levels if older or ovariectomized. BMD increased until peak level on day 14 (day 9 for OVX), then decreased to baseline level. BMD of OVX dropped below baseline on day 28. Once normalized, BMD was similar for all groups but BMD which was significantly lower from day 14 onwards (p < 0.01). On the contrary, Tissue Mineral Density (TMD) increased with age and ovariectomy. In all groups, TMD decreased slightly post operatively until day 6 and then plateaued. Once normalized, TMD loss post op was the same in all groups, TMD of OVX showed larger variations, most likely because there is not enough bone in these animals to get relevant data (Fig. 8) .
DISCUSSION
Although age is a known confounding factor in most preclinical models and in particular in implant integration models but is often overlooked in study designs, the aim of the present study was to characterize the effect of age on implant fixation dynamics using a rat model. Relative importance of this effect can play a role when defining acceptable age ranges in a model to reach the expected statistical power. Here, the effect of age on implant integration kinetics was investigated using a longitudinal in vivo model with a unilateral contrast-enhanced PEEK screw in medial tibia metaphysis of rats. The rats were operated at different ages (24 weeks, 40 AE 6 weeks, 60 AE 5 weeks) and bone changes in the postoperative phase were closely monitored. A 33 weeks old OVX group was also used to put the age effect into perspective of the surgically induced osteoporosis.
Two distinct phases could be distinguished in the data, the early (or post-operative) phase (up to day 9-14 approximately) and a maintenance (or remodeling) phase (after 14 days) in line with the theory of osseointegration. 35, 36 The static outcome parameters (BIC, BV/TV, BMD, Stiffness) mostly followed similar patterns: Baseline levels were highest in young animals, decreased with age and were lowest in OVX. The downward slopes still observed at day 28 suggest that a steady state was not yet reached.
Interestingly, once normalized to baseline levels, there was no difference between groups in the early phase. In the maintenance phase, the order was reverse, with old animals having more bone (relative to baseline) than young animals. OVX had maximum relative values similar to old animals but then reached the lowest levels of all groups towards the end of the study. Maximum absolute bone formation and resorption decreased with age, but there was no difference between groups in normalized formation and resorption.
Put simply, younger animals have more preexisting bone than older animals at baseline, resulting in better implant fixation, but older animals can form proportionally more bone than young animals. From a biomechanical perspective, this could be interpreted as follow: The implant is subject to some load since the screw head protrude outside the medial tibia, therefore the organism tries to fix it mechanically in bone. The absolute bone mass needed for mechanical fixation is the same in all rats, since dimensionally there are no differences, therefore rats with less bone compensate by producing more bone.
In this study bone mass and formation clearly decreased and was delayed in 40 and 60 w compared to 24 w old rats. But once normalized, we saw no difference between groups in the early phase, and higher relative values in older animals. This suggests that for non-OVX animals, baseline level (ie. preexisting bone mass) is the main factor influencing implant integration. Once corrected for this factor, age only affects the remodeling phase of implant integration. So, this correction might allow other researchers to compare postoperative phase of study groups that do not have the same age.
Duarte et al. have used a similar model with titanium screws in rat tibias to study the effect of age and ovariectomy on bone density and BIC. 5 They report 51, 43, and 37% BIC in 12 w, 88 w, and OVX rats respectively at 60 days post op, which is in proportional agreement with our 80, 60, 40% at 28 days for 24 w, 60 w, and OVX rats. They concluded that age affects baseline bone mass while ovariectomy affects both baseline bone mass and bone formation, which is in exact agreement with our findings studying 28 days post op only. In bone healing models, the effect of age was reported to be a delayed healing but equivalent gene expression, 37, 38 delayed callus maturation likely due to remodeling imbalance, but no influence on callus volume. 39 Again, in the context of healing around an implant, our observations of delayed absolute bone formation but equivalent normalized values are in total agreement with these findings. In other words, one can think of the normalized data as reflecting the metabolic potential of bone to react to implantation trauma, independent of bone mass. In the early phase, this potential is affected neither by age nor by OVX. In the maintenance phase, age has still no effect but OVX induces relative bone loss reflecting the imbalanced remodeling.
There are limitations to our model and findings. First, the model uses PEEK instead of metal implants. Given that implant integration is a transient process, single endpoint studies can potentially miss differences between groups. Our model enables longitudinal, time-dependent measurements of bone distribution, changes and of the resulting implant fixation. Since this approach was first reported 25 it was successfully used to describe bone dynamics around bisphosphonate-releasing implants, 40 around infected implants 28 and in osteoporotic animals. 41 But to acquire images with high enough quality, BaSO 4 loaded PEEK screws are used, instead of more standard stainless steel or titanium screws, which would generate metallic artifacts in tomographic reconstructions. 42 PEEK is used successfully for reconstructive and spine surgery, 43, 44 therefore its use here is clinically relevant and normalized data qualitatively fits data previously obtained with titanium screws, 25 but the absolute values are material specific and more work is needed to extrapolate to metal implants. 45 We evaluated the mechanical stability indirectly through image-based microFE simulation for static pullout stiffness, not by direct destructive mechanical testing. MicroFE simulations as performed here rely on highly detailed models (>7 millions elements here) with simple mechanical properties (usually linear elastic) and fully bonded contacts. They are therefore well suited to estimate forces and displacements fields under small deformations, such as a static stiffness tests. 46 Strength can be estimated from microFE models using the Pistoia criterion, 47 as the force at which more than a defined fraction (2 or 5%) of all bone elements have exceeded the yield strain (0.7%). The authors believe that the Pistoia criterion has only marginal value for evaluating implant strength here, since it does not account for interface frictions, 48 not for variations in material quality such as mineral or collagen content which are known to happen with aging, 9 and not for local damage due to surgery. 49 Therefore pullout strength, which relates to force at failure, is not reported here. Longitudinal in vivo microCT studies involve repeated X-ray exposition which may affect local metabolism, this question is still debated: The first reports showed no effect of repeated scans on bone microarchitecture, 27 ,50 other authors recently reported an effect of repeated low dose exposure on bone 51 and on adjacent skeletal muscles which may indirectly impact local bone. Additionally, repeated prolonged anesthesia may affect overall health of the animals, particularly through circadian rhythm and reduced appetite. 52 Here since the study was comparative, all animals experienced the same doses, but the absolute values may have been affected.
Although young rats of 8-10 weeks are often used in orthopedic studies, we limited our study to 24 w and older. The rationale being that while female Wistar rats are sexually mature at 10 w old, they only reach skeletal maturity at 20 weeks. 53 At younger age rapid growth is a highly confounding factor, therefore we cannot extrapolate our findings to non-skeletally mature rats.
In this study, the duration was only 28 days and all the outcome measures did not reach a steady-state phase by the end of the experiment. Follow-up duration should be increased in future studies to allow older rats to reach steady state.
Finally, there are intrinsic limitations to the animal model itself. The lifestyle associated with standard animal housing is sedentary: It was shown that old mice and rats with access to voluntary wheel running will use the option and show no age-associated loss in osteocytes and overall better bones. 54 In this regard, our findings are for sedentary elderly and may not be valid in a more physically active model.
In conclusion, age did influence bone parameters such as BIC, BV/TV, and formation/resorption around the implanted screws in absolute terms. In contrary, age did not have an effect in relative terms, suggesting that baseline bone mass is the main influencing factor. But since the two factors are covariant, when aiming to detect small treatment effects in a similar model, rats of the same age should be used. In studies where groups are made of rats with different ages, data normalization relative to baseline bone mass is necessary for meaningful interpretations.
